Abstract-With high penetration of non-synchronous wind generations replacing conventional generators, the inertia of power system will reduce. A large disturbance in such a power system can cause faster frequency change in this power system and might invoke emergency defence strategies like underfrequency load shedding. The impact of low inertia caused due to displacement of conventional generators by wind penetration on the power system frequency is investigated in this paper. The possibilities of improving frequency with increase in primary reserve supplied from conventional generators are analyzed. This paper further explores the capabilities of wind turbines to provide support during underfrequency to prevent load shedding. Maximum wind penetration possible without causing load shedding following a large disturbance is also investigated.
I. INTRODUCTION
Wind energy will increasingly make large contributions to electricity market throughout the world. It is expected that wind energy in 2020 will meet 15.7% of European electricity demand from 230 GW, and by 2030, 28.5% from 400 GW [1] . These new generations will replace the conventional generators (mainly during high wind scenarios). The large controllable, variable speed wind generators are connected to the system through power electronic converters. Therefore the rotational mass of wind turbine is physically isolated from the network, as a result, the wind generators do not contribute to the inertia of the system. Consequently, higher the penetration of wind generations replacing conventional generations, lower is the inertia of the system. A system with lower inertia experiences higher frequency fluctuations following a large disturbance like disconnection of a generator. This effect is more prominent in islanded power systems. Fast decline of frequency following a large disturbance can cause short term frequency instability [2] . Different types of frequency control processes, viz. primary, secondary and tertiary control are employed to restrict the frequency decline and stabilize the frequency.
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In order to limit the frequency from going too low and exceeeding the acceptable limits (for example -49 Hz in Europe), primary control is employed. Primary control is activated within 20-30 s after the disturbance and utilizes reserved power from dedicated generators referred as primary reserves. After the frequency is contained by primary control, secondary control is activated to restore frequency to its nominal steady state value and replenish the used primary reserves. Secondary control is generally performed by Automatic Generation Control (AGC) using reserves called secondary reserves. Secondary control is activated within 30s -15 min after the disturbance. Tertiary control is generally manual and slow. Primary function of tertiary control is to free the activated secondary reserves. However, following a large disturbance, if all of the reserves are exhausted and are not fast enough to contain the frequency, the system may enter in an emergency state. Special defence strategies called special protection systems (SPS) are required to defend against instabilities in emergency state and prevent blackout. Underfrequency load shedding (UFLS) is one such SPS to prevent frequency instability [3] . UFLS is only considered as last resort since it causes economic losses and discomfort to consumers. Therefore, all the available resources to prevent underfrequency should be employed before UFLS. Generally, UFLS starts at 49 Hz as per ENTSO-E recommendation [4] .
The work presented in this paper is concerned mainly with primary control. Primary control is traditionally provided by conventional generators equipped with governors. If the inertia of the system is low, the frequency decline following a large disturbance in the system can be very fast. In this case, traditional primary control can be too slow to contain the frequency decline. Wind turbines are capable of providing frequency support in this situation since power electronics based power control in wind turbines are very fast. Frequency support from wind turbines can be of two types -inertial control and droop control or primary control. Inertial control from wind turbines can increase the active power outputs utilising the stored energy in the rotating masses of wind turbines for very short time. Wind turbines can only provide droop control support when they are operating with reserves [5] , [6] . This means that they have to be operated in derated condition and producing much lesser output power than input available wind power, which is an expensive option. This paper analyses the effect of decreasing system inertia by displacement of conventional generators with wind turbines on frequency decline following a major disturbance in the system. This paper further studies whether this frequency declination can be mitigated with the help of primary control through primary reserves supplied from conventional generators. The success of the control is measured by its ability to prevent the frequency decline from triggering UFLS. The primary reserves are expected to be completely deployed within 30s after the disturbance and the secondary reserves start acting after 30s. Therefore, it is investigated that whether minimum frequency (frequency nadir) can be limited within 49 Hz within 30s after the disturbance. Maximum amount of wind penetration that can be done without triggering UFLS is explored through different case studies. Comparative studies between a case when primary reserves are supplied from conventional generators and a second case where primary reserves are supplied from wind turbines are carried out.
The structure of the paper is as following: modelling of a power system with large wind power penetration is described in section II. Section III describes the results of the case studies performed in the system. Section IV concludes the paper while providing motivations for further research.
II. POWER SYSTEM MODEL
In the present investigation a power system model extracted from PEGASE system model [7] is used. PEGASE system is a synthetic model to represent the Pan-European network. The dynamic model of PEGASE has 16578 buses and 14044. The Western Denmark area equivalent power system from this synthetic model is used for the investigation. In order to observe the effect of low inertia in an island system, the interconnections with neighbouring areas are not considered. The following types of generations are considered in the analysis:
• Steam generator with classical governor.
• Hydroelectric generator.
• Gas turbine and combined cycle plant with single shaft turbine.
• Wind turbine modelled using IEC Generic Dynamic Model of wind turbines [8] . Loads are modelled as dynamic frequency dependent load with self-regulation capability of 1%/Hz [9] . UFLS settings are considered based on ENTSO-E recommendations. The first step of UFLS is 10% of the total loads at 49 Hz. Therefore, success criterion for the investigation is defined as the control of frequency nadir should be limited to 49 Hz.
Steam generator with classical governor used for the analysis as shown in Fig. 1 is from EUROSTAG [10] standard model library [11] . This model takes governor, turbine, reheater and boiler into account. The total mechanical power output is composed of 2 proportions. Alpha proportion represents high pressure turbine whereas, (1 -Alpha) represents low pressure turbine. The integration of the difference between the high pressure and low pressure flow represents reheater. STAT represents the speed droop. Thereby, the output of the governor is given by sum of reference power and speed deviation/STAT. The speed deviation is filtered by a dead band. Gas turbine and combined cycle plant with single shaft turbine is based on the model as proposed by [12] . Wind turbine is modelled as Type 4B wind turbine (fully rated converter based wind turbine) per IEC Generic Dynamic Model of wind turbines. The active power control of type 4B wind turbine is shown in Fig. 2 . The current command to the converters (i pcmd Fig. 2 also shows the droop control from the wind turbine. When frequency change is detected out of the dead-band (used to filter out small frequency fluctuations), the change in the frequency is multiplied with gain K P and added to initial p W T ref . Fig. 2 . P-control of Type 4B Wind Turbine [8] 
III. CASE STUDIES AND RESULTS
Capacities of different types of generators are given in Table  I . As can be seen from Table I , hydro and gas turbine based 
where, x = capacity of installed wind power (1)
Two case studies have been made in this paper. In the first case study, all the primary reserves are deployed on the steam turbines based generators. Whereas, in the second case study, primary reserves are supplied from the wind turbines. In both the case studies, disconnection of a 400 MW generation (no reserve has been deployed on this specific generator) is considered as reference incident in this synthetic model.
A. Case Study: Primary reserves deployed in steam turbines based generators
In this case study, all the primary reserves are supplied from steam turbines based generators. The effect of primary reserves on frequency stability for the reference incident is investigated. Change in frequency for different values of primary reserves are shown in Fig. 3 for zero penetration of wind power. It can be observed from Fig. 3 that when primary reserve is 100 MW, the frequency is unstable. As primary reserve increases, system frequency starts stabilizing. It is important to note that even if the frequency stabilizes to frequency higher than 49 Hz after primary reserves are completely deployed, it is possible that frequency nadir can go below 49 Hz.
With increase in wind penetration replacing conventional generations, total inertia of the system decreases. The change of inertia with increase in wind penetration displacing conventional generations is shown in Fig. 4 . It can be seen from Fig.  4 that system inertia decreases quite substantially with more amd more displacement of conventional generations with wind power.
Further, the effect on frequency stability for increasing degree of wind penetration and different values of primary reserves is explored. As the wind penetration replaces conventional generations, system inertia erodes, thereby the frequency nadir goes lower following the reference incident. It is investigated whether the frequency nadir is contained above 49 Hz successfully as shown in Fig. 5 . The horizontal plane at Fig. 5 . Therefore, when frequency nadir is above this plane, load shedding is prevented and primary control is sufficient to prevent frequency instability. It can be observed from Fig. 5 that if primary reserve volume is too low, frequency nadir can reach below 49 Hz even at zero wind penetration. With increase in wind penetration, primary reserve requirements also increase to handle the reference incident. It can be observed from Fig. 5 that beyond certain wind penetration, defined as critical wind penetration, any increase of primary reserve is not sufficient to prevent frequency nadir from going to 49 Hz. Minimum primary reserve requirements for different degrees of wind penetration is shown in Fig. 6 . It can be observed from Fig. 6 , minimum primary reserve requirements increase with increase in wind penetration. Critical wind penetration is obtained to be 41.8% which has minimum primary reserve requirement of 560 MW to handle the reference incident. As can be found from Fig. 4 , the system inertia at critical Fig. 6 . Minimum primary reserve requirements from steam generators for different wind penetrations (displacing conventional generators) to prevent load shedding wind penetration, called critical inertia is 2.136 s for this specific system. It should be emphasized that success criterion chosen for the studies here is to prevent underfrequency load shedding. Frequency nadir reaching 49 Hz does not necessarily indicates frequency instability. As can be seen from Fig. 3 , primary control is often able to stabilise the frequency to a value higher than 49 Hz. However, this underlines that primary control is not fast enough to prevent underfrequency load shedding which is not desirable. This phenomenon is more prominent through Fig. 7 and Fig. 8 . Effect of wind penetration on frequency at 30 s after the disturbance is observed in Fig.  7 . It can be assumed that short term frequency instability can be avoided after 30s with the support from secondary control. It can be observed from Fig. 8 that wind penetration Fig. 7 . Effect of increase in wind penetration (displacing conventional generators) on frequency at 30s after the disturbance can be increased more than critical value (upto 63.2%). This implies that from 41.8% to 63.2% wind penetration, initial frequency goes below to 49 Hz and stabilizes back to higher value. It is also interesting to note that if the mimimum frequency constraint is relaxed, primary reserve requirements reduces from 560 MW to 340 MW. It is clear from the above Fig. 8 . Primary reserve requirements from steam generators for different wind penetrations (displacing conventional generators) so that frequency is above 49 Hz at 30 s after the disturbance case study that in future power system with higher degree of wind penetration displacing conventional generations, not only larger primary reserve volume is required but also faster primary control is essentially required to prevent emergency load shedding.
B. Case Study: Primary reserves deployed in wind turbines
This case study takes in cognizance that power electronics based droop control from wind turbine is much faster than primary control from steam turbine. In this case study, the primary reserve is deployed in the wind turbines, which means that the wind turbines are running in downregulated condition during normal operation. It is assumed that the wind speed experienced by the wind turbines is rated wind speed and therefore, the possible power generation from the wind turbines is maximum.
Frequency support from wind turbines not only depend on the available reserves but also rate of increase in wind power output with change in frequecy. This rate of change in power output depends on the Kp value of the droop control model as shown in Fig. 2 . Higher the value of Kp, higher is the support from the wind turbine. For example, if Kp has a value of 10 and frequency goes down to 49 Hz (speed change=1/50 = 0.02 p.u.), contribution from wind turbine is increased by 0.2 p.u. (or 20%).
Effect of increase in wind penetration on frequency nadir when primary reserves are supplied from wind generators for Kp = 10 can be observed in Fig. 9 . It can be observed that critical wind penetration is increased as compared to that of Fig. 5 . It can be observed from Fig. 9 that beyond critical wind penetration it is not possible to contain frequency nadir with 49 Hz following reference incident even with increase in primary reserve. In order to increase wind penetration beyond this critical value droop control should be even faster which can be achieved by increasing Kp. Minimum primary Fig. 9 . Effect of increase in wind penetration (displacing conventional generators) on frequency nadir when primary reserves are supplied from wind generators for Kp = 10 reserve requirements and critical wind penetrations for Kp = 10 and Kp = 20 are shown in Fig. 10 . It can be observed that critical wind penetration increases from 54.85% for Kp = 10 to 69.62% for Kp =20. It can be inferred from the above case study that in future power system, it might be imperative to supply primary reserve from wind turbines in order to have higher degree of wind penetration. Although it should be noted that higher is the primary reserve deployment from the wind turbine, it is more expensive.
IV. CONCLUSION
Low inertia of the system with high penetration of wind generation replacing conventional generation can invoke short term frequency instability. When inertia is low, the rate of change of frequency is fast and as a result system can move to emergency state even before secondary control is activated. Primary control from conventional generators may not be adequate and fast enough to contain the frequency. Faster active power support from wind turbines provides better support to stabilize the frequency than conventional primary control. Therefore, primary or droop control support from the wind generators may be essentially required when the penetration of the wind power is much higher. This paper motivates the research requirement for analytical quantification of primary reserves for future power systems with high penetration of wind power.
